Introduction
Mesenchymal stem cells (MSCs) are a population of progenitor cells derived from the bone marrow which are capable of differentiating into mesenchymal tissues. There is growing interest in development of MSCs as a therapeutic agent for the treatment of a wide range of diseases, as well as providing a model system to investigate human mesenchymal development. 1, 2 This review will focus on the historical evidence for the existence of MSC, as well as recent progress in our basic understanding of these cells.
Historical Perspective
The first evidence supporting the existence of bone marrow cells with the potential to form various mesenchymal tissues arose from experiments performed during the 1950s and 1960s. The osteogenic potential of bone marrow was demonstrated by animal host transplantation of whole bone This led to the concept of the existence of an undifferentiated stromal cell precursor in the bone marrow, capable of forming both bone and cartilage; however the presence of committed progenitor cells, each giving rise to a different cell type, could not be ruled out. To address this issue, single fibroblastic clones were transplanted under the renal capsule. About 15% of transplanted colonies produced a bone marrow organ, consisting of osteogenic tissue, typical adipose cells and marrow stromal cells. 10 Thus, colonies derived from a single cell were capable of giving rise to multiple cell lineages.
The concept of a multipotent stem cell of stromal origin residing in bone marrow was formally presented by Owen in 1978. 11 It was suggested that the differentiated cell types residing in marrow stroma may derive from a single common progenitor, or stem cell, analogous to the haematopoietic system within the marrow.
11 A more detailed model was later proposed, in which stem cells, committed progenitors and mature cells were all present in marrow stroma, with reticular, fibroblastic, adipocytic and osteogenic being their possible differentiated cell types. 12, 13 Caplan expanded this theory to include all mesenchymal lineages, namely myocytes, chondrocytes, tenocytes, osteocytes, adipocytes and stromal and dermal fibroblasts, since they are all derived from the same embryonic origins. He was the first to use the term mesenchymal stem cell, however there was no experimental evidence at the time to support this theory. 14 The mulitpotential nature of MSC was in part demonstrated by the early studies described above. Further evidence was provided from differentiation of conditionally immortalised mouse MSC clones, one of which had the ability to form four mesenchymal phenotypes: chondrocytes, osteoblasts, adipocytes and haematopoiesis-supportive cells. 15 However, final conclusive evidence that clonal populations of human MSCs were capable of differentiating in vitro to osteocytes, chondrocytes and adipocytes was provided by Pittenger et al. 16 This study also defined a set of cell surface markers expressed on MSCs and estimated their frequency in the bone marrow to be 0.001%-0.01% of nucleated cells.
Differentiation Potential of Bone Marrow-Derived MSCs
Adipocytes, osteoblasts, chondrocytes and haematopoiesis-supportive stroma As described earlier, it is well established that clonal MSCs have the capacity to differentiate in vitro to adipocytes, osteoblasts, chondrocytes, and also to haematopoiesis-supporting stromal cells, in the case of murine MSCs. 15, 16 Robust and specific hormonal regimes capable of inducing the in vitro differentiation of MSCs into adipocytes, osteocytes and chondrocytes are well established.
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Tenocytes
MSCs from rabbit bone marrow were shown to differentiate into tenocytes, capable of replacing severed tendon in an animal model, 18 but this lineage is little studied, and in vitro differentiation of clonal human MSC populations to tenocytes has not been reported.
Cardiac and skeletal muscle cells
There is growing interest in the therapeutic potential of MSCs for cardiac and skeletal muscle repair. The differentiation of MSCs to cardiomyocytes using animal models has recently been reviewed by Zimmet and Hare, 19 and so will not be discussed here. In contrast, there is only limited evidence of in vitro differentiation of MSCs into cardiomyocytes. Spontaneously beating cardiomyocyte-like cells have been generated by treating immortalised murine MSC clones with 5-azacytidine. 20 However, as differentiation of these clones to other lineages was not assessed, it cannot be ruled out that these cells were unipotential progenitors rather than multipotential MSCs. Similar results were obtained when human MSCs were treated with 5-azacytidine, but non-clonal MSC populations were used. 21 Thus, there is some evidence of differentiation towards the myogenic lineage by cells that co-purify with MSCs, but further work using clonal populations and demonstrating multilineage potential is required to show that this is a property of MSCs rather than more restricted progenitor cells.
Hepatocytes
An early study reported the upregulation of hepatocyte markers when human MSCs were treated with hepatocyte growth factor, but no functional studies were performed. 22 More recently, co-culture of MSC with hepatocytes using a transwell format was reported to induce the differentiation of human MSCs into cells with hepatocyte function. 23 However, both of these studies used non-clonal MSCs therefore the presence of contaminating progenitors cannot be ruled out.
Neural cells
Several studies using rodent and human MSCs claimed to have induced in vitro neural differentiation using β-mercaptoethanol (β-ME) or dimethyl sulphoxide (DMSO) to initiate the process. This protocol was pioneered by Woodbury and co-workers who described the expression of neurological markers and outgrowth of neuronal processes after treatment of human or rat MSCs. 24 Similar studies reported the generation of neurons with electrophysiological properties, 25 or with characteristics similar to neurons produced after co-culture with Schwann cells. 26 However, it was recently reported that β-ME or DMSO/BHA treatment causes stress-induced depolymerisation of the actin cytoskeleton and retraction of the cytoplasm in numerous cell types, thus the "neural" morphology observed was a result of stress rather than differentiation. 27, 28 Moreover, no increase in neural marker expression was seen by Western blot analysis, and therefore it was concluded that the increase in immunohistochemical staining for neural markers was due to higher antigen density associated with smaller cell size.
Other in vitro studies have utilised growth factors known to promote neural differentiation of ESCs and neural stem cells. Incubation of human or mouse bone marrow stromal cells with differentiation medium containing such factors, or co-culture of labelled murine MSCs with rat midbrain cell suspensions, resulted in a small percentage of cells with morphologies similar to immature neurons or glial cells and occasional expression of neural markers, 29 however, cell fusion was not discounted from the co-culture experiments. In another study, Hermann and co-workers used suspension culture of non-clonal hMSCs followed by incubation with different neural growth factors. 30 Cells with various phenotypic and functional properties reminiscent of neural cells were obtained, including: dopamine-releasing cells expressing some neural markers and cells with phenotypic characteristics of astrocytes, oligodendrocytes and rare immature neuron-like cells. A proportion of cells treated with a specific growth factor had voltage-dependent electrophysiological outputs in patch-clamp experiments typical of glial cells.
In vivo differentiation potential
Several studies have reported engraftment of labelled murine MSCs into irradiated mice using systemic infusion. This included differentiation and engraftment into mesodermal tissues (marrow, bone and cartilage 31 ) and signs of osteoblast differentiation in an osteogenesis imperfecta mouse model. 32 In a more recent study, GFP-tagged, phenotypically characterised murine MSCs were intravenously infused into minimally irradiated mice, and were found after one month mainly in the lungs, liver and kidney, but also in the muscle, heart, brain and spleen. 33 Immunohistochemical assessment revealed that MSCs differentiated into lung epithelial cells, hepatocytes, renal tubular-like cells and myofibroblasts, albeit at a low frequency. In vivo differentiation of human MSCs has been studied by transplantion in utero in sheep where they were found to engraft and survived in multiple non-haematopoietic tissues for up to 13 months. 34 Furthermore, MSCs were found to differentiate into cells with morphological and phenotypic properties of chondrocytes, adipocytes, bone marrow stromal cells, thymic epithelial cells, cardiomyocytes and skeletal myocytes. However, the human MSCs used for this study were not clonal, and cell fusion was not investigated.
MSCs are also reported to differentiate into neural cells in vivo. Kopen et al. injected BrdUrd-labelled murine MSCs into neonatal mouse brains. 35 Cells double-labelled for BrdUrd and GFAP, an astrocyte marker, or neurofilament, a neuronal marker, were identified indicating that the MSCs differentiated into these cell types, although the question of whether MSCs may have fused with recipient brain cells was not addressed.
In summary, it is conclusively demonstrated that MSCs have the potential to differentiate to mesenchymal lineages both in vivo and in vitro. Animal studies have indicated that MSC may also have the potential to form non-mesenchymal cell types but definitive evidence of this ability has not yet been provided. This will require in vitro studies of clonal MSC populations incorporating phenotypic and functional assays, combined with in vivo investigations that also address the issue of cell fusion.
Isolation of MSCs from Site Other Than the Bone Marrow
In addition to their presence in bone marrow, cells with the characteristics of MSCs reside in other human tissues, including trabecular bone, 36 deciduous teeth, 37 skin and muscle 38 and synovial and periosteum. [39] [40] [41] However, MSC-like cells from adipose tissue and umbilical cord blood have received the most attention. Fibroblastic, plastic-adherent cell populations can be isolated from lipoaspirates (ADSC 42 ) and placental blood (UBSC 43, 44 ) and are capable of being maintained in vitro for many population doublings. Clonal populations of both ADSCs and UBSCs show trilineage differentiation potential to adipocytes, osteocytes and chondrocytes, 42, 44 although multipotential clones were reported to be rare in ADSC. ADSC can differentiate into adipocytes that functionally resembled white adipose tissue, as well as adipocytes from bone marrowderived MSC. 45, 46 Clonally-derived UBSC populations are reportedly capable of differentiation into hepatocyte-like and neural cells. 44 Heterogeneous populations of ADSC and UBSC have been shown to differentiate into myogenic cells, 42, 47, 48 and ADSC may also be able to form hepatocyte-like 49 and neural cell lineages. 42, 50 However, some methods used to induce neurogenesis in these studies have come under question, and clonal studies are required to ensure that no contaminating progenitor cells were present.
The relationship between bone marrow-derived MSCs, ADSCs and UBSCs has been investigated. Surface marker profiles were found to be comparable between all populations. 42, 44, 51 A microarray comparison found ADSCs and bone marrow MSCs to be similar, with only 25 genes from an array representing over 10,000 genes showing differential expression. 52 However, a second study showed numerous expression differences by pairwise comparisons of the three populations, but gene ontology analysis of the differentially expressed genes did not reveal gene expression trends characteristic of the tissue of origin. 51 MSCs can also be derived from adult synovial membrane and periosteum. Clonal populations of both synovial and periosteum-derived stem cells have the potential to differentiate into cartilage, bone, fat and muscle using both in vitro and in vivo models of differentiation. 39, 40 There have also been reports of cells isolated from normal whole blood which share a similar antigenic profile to MSCs and have the ability to differentiate into adipocytes and osteocytes. 53, 54 An elegant study in rats by Wu et al., captured circulating precursor cells that demonstrated adipogenic, osteogenic, chondrogenic and myogenic differentiation in culture, and when immortalised showed clonal differentiation to these lineages. 55 Furthermore, labelled clonal cells were shown to home to the bone marrow and also areas of injured cardiac tissue. 55 These studies indicate that a multipotential precursor cell, reminiscent of MSC, may circulate in the blood and have the ability to home to sites of injury or disease. This may also provide a link between the bone marrow and tissue-specific MSC-like populations, however this work remains controversial as other groups have been unable to replicate these studies therefore further investigation is required.
Multipotent Adult Progenitor Cells
Multipotent adult progenitor cells (MAPC) are a subpopulation of bone marrow cells that co-purify with MSCs isolated from human or rodent bone marrow. 56, 57 Colonies derived from single cells are able to differentiate in vitro into cells with phenotypic and functional characteristics of endothelial cells (visceral mesoderm), neurons, astrocytes and oligodendrocytes (neuroectoderm), and hepatocytes (endoderm), as well as cells of mesenchymal lineages. [56] [57] [58] [59] [60] Injection of murine MAPCs into an early mouse blastocyst generated chimeric offspring with MAPCs contributing to most somatic tissues. 57 It is thought that MAPCs represent a pluripotential stem cell that persists into adulthood and are capable of differentiating into cells of all three germ layers. However, it could not be ruled out that cell fusion may be responsible for the in vivo observations. 57 The relationship of MAPCs to hMSCs is also a matter for debate. The in vitro culture conditions of the two populations are very different; MAPCs are cultured at low densities and 2% FCS, whereas MSCs are cultured at higher densities and 10% FCS. It is possible that this contributes to the differences in potentiality observed, and that MAPCs are the result of dedifferentiation of MSCs due to culture conditions 61 (Elliman and Clements, unpublished data). Whether MAPCs truly exist as a pluripotential stem cell population in vivo is as yet unknown.
MSC Cell Surface Markers
MSCs are classically isolated by their adherence to tissue culture plastic which gives some degree of purification as non-adherent haematopoietic cells are removed. 16 However, a lack of knowledge regarding surface markers has precluded the use of more sensitive antibody-aided selection. Studies of surface markers of cultured human MSCs have shown that they are distinct from haematopoietic cells, as they do not express CD45, CD34 and CD14, markers of the haematopoietic lineage. 16, 62 Numerous other surface molecules have been identified (Table 1) , and indicate that hMSCs express markers of mesenchymal (SH2, SH3 and SH4, ACTA1), endothelial (VCAM-1) and epithelial (cytokeratins 18 and 19) lineages. 62 It must be noted however, that varied culture conditions used by different laboratories mean that contradictory results regarding MSC marker profiles are frequent. 61 Unique markers are needed to definitively identify and purify nonexpanded MSCs and to study their biology in vivo. The most promising candidate to date is the monoclonal antibody STRO-1. Its antigen (as yet unidentified) is expressed by a population of bone marrow stromal cells (termed CFU-Fs in these studies) that possesses the ability to proliferate extensively and differentiate in vitro into osteoblasts, adipocytes, chondrocytes and haematopoiesis-supportive stroma. 63, 64 However, around 95% of this STRO-1 + population constituted glycophorin A-positive 16 Minguel et al., 73 Majumdar et al. 96 and Wagner et al.
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STEM CELL REPAIR AND REGENERATION -Volume 3 © Imperial College Press http://www.worldscibooks.com/lifesci/p535.html nucleated erythroid precursors, so a further glycophorin A − selection was required to enrich for CFU-Fs. 63 Double selection for cells from whole human bone marrow expressing high levels of STRO-1 (STRO1 BRIGHT ) and also VCAM1/CD106 resulted in 5000-fold enrichment of the CFU-F population. 65 A subset of STRO1 BRIGHT VCAM + cells exhibited extensive in vitro proliferation and clonal multipotentiality; as other clones exhibited low proliferation and differentiation, it was concluded that multipotential stem cells constituted a subset of the isolated population, which also contained more restricted progenitor cells. 65 67 populations from non-expanded bone marrow samples, but a pure CFU-F population was not obtained from either of these methods. Various approaches have been used to try and identify new definitive markers of MSCs including gene expression microarray profiling 68 and phage display technologies. 69 Combined with the cell surface marker studies, it is clear that progress is being made towards defining the MSC population, but there is as yet no marker that is unique to MSCs. An exciting recent report by Anjos-Afonso and Bonnet 70 describes the isolation of a primitive population of murine mesenchymal progenitors based on the expression of stage-specific embryonic antigen-1 (SSEA-1). Single cell-derived clones not only gave rise to MSCs but were capable of differentiation to non-mesodermal cell types such as hepatocyte and neural lineages. 70 The authors propose that a hierarchical organisation of the mesenchymal compartment similar to HSCs with SSEA-1 progenitors being at the top. It will be interesting to see if a similar population of cells can be isolated from human bone marrow.
Self-Renewal of MSCs
A defining characteristic of stem cells is the ability to self-renew indefinitely. Although the term mesenchymal stem cell is widely used, no unequivocal evidence demonstrating in vivo self-renewal of MSC has yet been provided. 64, 71 Although human MSC can be expanded for 15-25 passages in vitro (depending on culture conditions and donor age) without losing differentiation potential, this in vitro proliferative capacity is not indefinite. 62, 72 Furthermore, it is possible that MSC in vitro represent a heterogeneous population of multipotential stem cells and lineagerestricted progenitors; evidence from this comes from the studies of Gronthos and Pittenger where only a proportion of hMSC clones could differentiate into three lineages. 16, 65 This could be a reflection of a stem cell hierarchy similar to HSC. 12, 70, 73 Furthermore, suboptimal culturing conditions in vitro may also cause loss of potentiality of a proportion of multipotential cells, leading to a heterogeneous population. Definitive proof of MSC self-renewal and multipotentiality will come from the isolation of a highly purified cell population followed by demonstration that, at the single cell level, unmanipulated MSCs could give rise in vivo to diverse progeny and re-populate host animals after serial transplantation. 74 Currently the only adult stem cell population for which these rigorous criteria have been demonstrated is the HSC, and the lack of a MSC-specific marker precludes such work in this population. However, various observations from cultured or freshly isolated MSCs point towards a stem cell function.
Clonal populations of human MSCs are capable of giving rise robustly to multiple lineages in vitro, arguing strongly for the presence of a multipotential stem cell. 16, 65 In addition, studies of freshly isolated, nonexpanded MSCs revealed that they expressed Ki-67 antigen, a marker of non-cycling cells, and were mostly in G0/G1 phase of the cell cycle, entering the cell cycle after exposure to serum in culture. 8, 62, 65 This suggests that MSC in vivo are a resting cell population, a characteristic of other stem cell populations. 75 Freshly isolated MSC were also found to exhibit telomerase activity 65 which persisted in culture for at least 12 passages; 16 this is again a characteristic of stem cells with self-renewal capacity.
Signalling Pathways Involved in MSC Proliferation and Differentiation
The molecular regulation of stem cell proliferation and differentiation is very complex involving the interaction and cross-talk between different signalling pathways via the release of specific growth factors. 76 In tissues, the equilibrium between stem cell proliferation and differentiation is tightly controlled to ensure normal tissue function. Uncontrolled proliferation of stem cells can give rise to cancer, 77 whereas depletion of the stem cell pool by aberrant differentiation leads to tissue degeneration. 78 Understanding the signalling pathways involved in regulating proliferation and differentiation of stem cells is fundamental to the exploitation of these cells for therapeutic applications.
Little is known about the signalling pathways that control MSC behaviour. Differentiation to specific cell lineages in vitro is induced by the addition of defined combinations of growth factors and supplements. 16 The first growth factor found to enhance the proliferation of human MSCs was basic fibroblast growth factor (bFGF). The addition of bFGF to MSC cultures increased both the growth rate and life span of MSC without altering their differentiation potential. 17 More recently it was reported that the addition of bFGF was optimal for large scale production of MSCs, with cells retaining their differentiation and immunosuppressive capacities. 79 Another pathway reported to control the proliferation of human MSCs is Wnt signalling. Wnts are a family of factors that regulate cell growth and cell fate in a variety of cell types. 80 Signalling is regulated via the binding of ligands to the Frizzled family of transmembrane receptors. This leads to the stabilisation of β-catenin which translocates to the nucleus where it binds the TCF/LEF family of transcription factors to regulate the expression of Wnt target genes. Activation of Wnt signaling in MSCs by lithium chloride treatment or Wnt3a conditioned media is complex. Low levels of Wnt signalling are mitogenic promoting MSC proliferation, however, high levels have the opposite affect and result in growth arrest. 81 This growth arrest was associated with an increased expression of osteogenic markers and a decreased potential to form adipocytes. Human MSCs also secrete Dkk-1, an inhibitor of the Wnt pathway. Addition of Dkk-1 peptides promoted the recovery of MSCs from the bone marrow and increased their profileration rate, 82 although it blocked the osteogenic potential of MSCs.
Notch signalling is another important pathway involved in the coordination of development and is present in all animal species studied to date. 83, 84 The pathway was first identified in Drosophila where mutations in Notch signalling affected neurogenesis. In mammals, Notch signalling is mediated by cell-to-cell contact which brings together the membrane-bound Notch ligands (Delta-like-1, -3 and -4; Jagged-1 and -2) with the Notch receptors (Notch 1-4) . Binding of the ligand to the receptor results in proteolytic cleavage of the Notch receptor, releasing the Notch intracellular domain (NICD) which then translocates to the nucleus where it interacts with the transcription factor CSL, switching its transcriptional activity from a repressor to an activator. The proteolytic cleavage of Notch is a multistep process involving the γ-secretase complexes presenilin-1 and -2.
Notch signalling is implicated in a wide range of mammalian developmental processes including neurogenesis, vascular formation and limb bud development 83 and has recently been shown to promote neural lineage entry of embryonic stem cells. 85 There is growing evidence that Notch signalling also plays an important role in mesoderm specification. Homozygous knock-out mice for the Notch ligand Jagged-2 have defects in limb and craniofacial development. Notch signalling is also important during human development as mutations in Jagged-1 give rise to the skeletal defects in Alagilles syndrome 86, 87 while mutations in Delta-like-3 are associated with dwarfism in spondylocostal dysostosis. 88 In murine chondrogenic and osteoblast cell lines, the over-expression of Delta-1 or NICD inhibits both chondrogenesis 89 and osteogenic differentiation, 90 whereas the role of Notch signalling in adipocyte formation is more complex. Translocation of NCID in the murine 3T3L1 pre-adipocyte cell line is required for adipogenesis, 91 whereas either over-expression or inhibition of HES-1 (downstream target of Notch signalling) blocks differentiation 91, 92 implying a dual role for Notch during adipogenesis. It is therefore apparent that Notch signalling is important during mesoderm development but its role is complex and requires further studies to precisely elucidate its role of action.
Human MSCs provide an ideal model system to investigate the role of Notch signalling during mesoderm development. Unlike murine cell lines previously studied, MSCs are primary cells and thus do not harbour mutations that may alter normal Notch signalling responses. In addition, the multipotent nature of MSCs permits the study of differentiation towards three mesenchymal lineages using a single cell type, overcoming the problem of comparing results between different lineage-specific cell line models. Gene expression microarray profiling studies in our laboratory indicate that the expression of genes involved in Notch signalling change upon MSC differentiation (Vujovic, Westwood and Clements, unpublished observations). The role of Notch signalling in regulating proliferation and differentiation of MSCs was investigated by inhibiting γ-secretases involved in processing of the Notch receptor after activation of the pathway. 93 The addition of DAPT (N-[N-(3,5-difluorophenacetyl)-L-alanyl]-(S)-phenylglycine t-butyl ester) to proliferating MSCs led to a reduction in their proliferative capacity and altered their differentiation potential. During chondrogenesis, DAPT reduced extracellular matrix production, but was inductive for adipogenic differentiation. Although DAPT is a specific γ-secretase inhibitor, γ-secretases have been shown to have Notch-independent functions. 94 However, the reduced chondrogenic differentiation observed was associated with a decrease in the levels of HES1 and HEY1 indicative of Notch-dependent effects. Further characterization of the role of Notch signalling in MSC proliferation and differentiation is underway using viral vectors 95 to modulate the expression of key components of the Notch signalling pathway.
Conclusion
Our understanding of MSC biology is gradually increasing although many challenges lie ahead before we can realise the full therapeutic potential of these cells. This review has highlighted some of the key areas for future investigation which include the identification of specific markers to enable the isolation of pure populations of MSCs, as well as a better understanding of the regulatory pathways that control MSC behaviour. Advances in these areas will increase our basic knowledge of mesenchymal development as well as facilitate the development of MSC-based therapies.
